Stability formulae for armour layers of rubble mound breakwaters are usually being applied assuming perpendicular wave attack. Often it is assumed that for oblique wave attack the reduction in damage compared to perpendicular wave attack is small. This seems however a very conservative assumption. Wave basin tests at Deltares provide information to assess the effects of oblique waves on the stability of rock slopes and cube armoured rubble mound breakwaters. This includes cubes in a single layer and cubes in a double layer. The results show that the few available formulae that include wave obliquity underestimate the effects of oblique wave attack; the observed damage to breakwaters with armour layers of rock and cubes is lower and therefore new stability increase factors and mass reduction factors have been developed. The tests were performed for wave directions between perpendicular (0 ) and 70 . The results show that large potential savings in diameter and mass can be obtained for large angles of wave obliquity.
INTRODUCTION
Stability formulae for armour layers of rubble mound breakwaters are typically based on laboratory experiments in wave flumes. They are therefore generally developed for perpendicular wave attack and do not include the effect of oblique waves. Often it is assumed that for oblique wave attack the reduction in damage compared to perpendicular wave attack is small. This seems however a very conservative assumption. Wave basin tests in various projects indicated that the few available formulae that include wave obliquity are insufficient to describe the observed damage to breakwaters with armour layers of rock and cubes. Therefore, dedicated 3D physical model tests (see also Fig.1 ) have been performed to assess effects of oblique waves on the stability of rock slopes and cube armoured rubble mound breakwaters. 
PREVIOUS RESEARCH
In literature information on effects of oblique wave attack on armour layer stability of rubble mound breakwaters is limited. Here, reference is made to the approaches by Galland (1994) , Van Gent (2003) and Yu et al. (2002) . Whereas the formulae from Galland (1994) and Van Gent (2003) are based on an adaptation of the incident wave height H s , the formula from Yu et al. (2002) is based on an adaptation of the stability coefficient K D .
Galland (1994)
To take into account the effect of wave obliquity Galland (1994) 
HH
( 1) where X is the wave obliquity coefficient which depends on the unit under consideration and on the investigated phenomenon (e.g. armour or toe stability, or wave overtopping). Using this new wave height definition it is possible to use stability formulae derived under perpendicular wave attack by including the effect of wave obliquity in the wave height description. The coefficient X for the equivalent wave height H s, can be taken from 
Van Gent (2003)
A similar approach as the one by Galland (1994) has also been used by Van Gent (2003) in his tests on the effect of wave obliquity on the stability of rock and cube armoured slopes. The following wave obliquity coefficients X were obtained: Table 2 shows that the coefficient X for rock as found by Van Gent (2003) is significantly larger than the one published by Galland (1994) , indicating that under oblique waves a significant increase in stability can be realised. The given obliquity coefficients of Van Gent (2003) are limited to wave attack angles between 0° and 45°.
Yu, Liu & Zhu (2002)
The study by Yu et al. (2002) is based on the K D based stability formula for rock armour from Hudson (1959) . For oblique wave attack Yu et al. (2002) introduced the following expression:
with the directional index m and the directional spreading coefficient K s . Directional indices are provided for the following armour layer types: Dolos, Accropode, Hollow-square and rock. The results of this approach compared well to the results of Van Gent (2003) for rock and wave angles up to 45°. The approach by Yu et al. (2002) is not further discussed here since the method applied by Galland (1994) and Van Gent (2003) was felt to provide a broader range of applicability (not restricted to available literature on K D values).
PHYSICAL MODEL TESTS

General
Physical model tests on the effect of wave obliquity on armour stability were conducted in a wave basin focussing on the following aspects:
Wave attack angles of 0°, 15°, 30°, 45°, 60° and 70°. Rock and cube armour Single and double layer cubes Varying cube density Armour on a permeable and an impermeable core The first part of the test series, which dealt with single-layer cube armour and the effect of cube density (on a permeable core) has been discussed in Van Gent (2003) . Stability increase factors have been introduced to take into the account the effect of wave obliquity for wave attack angles between 0°a nd 45°. In this paper additional focus is laid on the effect of wave obliquity for larger wave angles: between 45° and 70°.
In total five different types of breakwater armour configurations were studied: Rock armour on a permeable core and on an impermeable core, double layer of cubes on a permeable and on an impermeable core, and a single layer of cubes on a permeable core.
Based on the test results new stability increase factors have been developed. Oblique wave attack is thereby taken into account by introducing an equivalent wave height H s, , which is used in the stability formula in place of the H s for perpendicular wave attack (see Eq.1).
Wave basin
The physical model tests were performed in the Delta basin of Deltares, Delft (50m times 50m). The basin has two multi-directional wave generators (40m and 26.4m), of which only the 26.4m wave generator was used for the present study. To prevent reflected waves to re-reflect on the wave paddles, the wave generators are equipped with Active Reflection Compensation (all 180 paddles are equipped with this system). In the present study six wave directions were applied, all with long-crested waves. Second-order wave steering was used to generate realistic shapes of the individual waves ("Stokes waves") and realistic bound long-waves ("wave groups"). The wave board can be steered with standard and non-standard wave spectra as well as specific time series of waves. 
Test set-up
The set-up of the 3D breakwater model tests is shown in Fig.2 and Fig.3 . A horizontal bathymetry was used in the tests. A spending beach was placed around the basin boundaries to dissipate the transmitted waves.
Three trunk sections of the breakwater model (see Fig.3 ) are discussed here: S1: Rock on a permeable core. S2: Rock on an impermeable core. S3: Cubes in double layer on an impermeable core.
Material specifications are given in Table 3 . The armour material was placed directly on top of the core material for Section S1. For the Sections S2 and S3 a filter layer was used above an impermeable (concrete) core. For the impermeable test sections the same filter material was used as for the core of the permeable rock sections. The employed armour thickness was 2 D n50 (rock and double layer cubes) with a filter layer thickness of 2 D n50 (rock) for the section with an impermeable core. Besides each test section (with a width of 1m) 2.5m long dummy sections with properly scaled material were used to guarantee that during oblique wave attack the attacking waves are correctly simulated on the slope before they reach the actual test section.°°°G Since the expected damage for the available cubes and typical model wave heights (H s 0.2m) was low, it was decided to test cube stability only for a double cube layer with an impermeable core, which was expected to increase the damage to the armour layer compared to a double layer with a permeable core such that damage could be obtained even for large wave obliquity.
A regular placement of the cube double layer was chosen. The placement is similar to the 'double pyramid' placement method (see Frens et al., 2008) but without any upward block shift between the upper and lower layer.
The actually achieved armour layer porosity n v and the packing density =n·k t ·(1-n v ), where k t =1.1 refers to the layer coefficient and n=2 to the number of layers, for the individual cube sections are given in Table 4 . 
Recording of damage
The damage was recorded by taking digital overlay photographs before and after each test, by counting the number of stones and cubes that were displaced more than 1 unit diameter (damage number N OD ) and by means of a mechanical profiler to assess the damage level S for rock sections.
Between individual tests runs with constant wave direction the structure was not repaired (cumulative damage). Only after completion of each test series (constant wave direction) the armour layer and toe were reconstructed.
Test programme
The characteristics of the test programme are given in Table 5 : The tests were conducted with a test duration of 1000 waves, a JONSWAP wave spectrum (peak enhancement factor = 3.3) and long-crested waves.
TEST RESULTS AND ANALYSIS
Damage initiation and failure based on stability number
In this investigation initial damage and failure for the various wave directions occurred at the values of the stability number (N s =H s / D n50 ) as shown in Table 6 . Table 6 shows a consistent increase in N s for increasing w ave obliquity in rock and cube armoured slopes. The table is valid for the investigated conditions of a 1:1.5 breakwater slope.
The damage initiatio n f o r a b re akw ate r armo ur c o ns is ting o f a do ub le lay e r o f c ub e s and perpendicular wave attack was found to occur at similar N s values than expected by the Rock Manual (2007) , that is at H s / D = 2 -2.4. For larger angles of wave obliquity damage initiation occurs at significantly higher wave heights. The initial damage for armour stone (perpendicular wave attack) was found to occur at N s values of H s / D n50 < 1.1. Wave obliquity coefficients for rock
The calculated wave obliquity coefficients X (wave attack angles 0°-70°, including data from Van Gent, 2003) are summarized in Table 7 for all investigated conditions. The wave obliquity coefficients in Table 7 are based on the damage number N OD . The same stability trend was found for rock slopes on a permeable core and on an impermeable core for wave attack angles up to 60° with a wave obliquity coefficient of X=1.05. This is somewhat lower than the value for rock slopes with a permeable core (X=1.25) as calibrated by Van Gent (2003) based on the wave angles between 0° and 45° only. For structures on an impermeable core the obliquity factor was seen to hold even for higher degrees of wave obliquity (70°). The results of the rock slope with a permeable core are somewhat in doubt for the wave angle of 70°, since they might have been influenced by model effects (guide wall influence). Therefore, in light of the ongoing exponential trends observed for all other investigated sections, no change in obliquity coefficient is proposed.
Based on the derived wave obliquity coefficients the stability increase (factor f) for wave obliquity can be calculated (see Fig.4 
Wave obliquity coefficients for cubes
The obliquity coefficient of X=1.5 as derived from Van Gent (2003) for cubes with a permeable core could not be verified for larger wave angles in these new tests since, due to the test set-up, only cube armour layers with an impermeable core could be tested. The obliquity coefficient as found for structures with an impermeable core was X=0.95. The damage for the cube layers on an impermeable core is thus significantly less influenced by the angle of wave attack than predicted for cube layers on a permeable core.
The tests have shown that the cube section S3 (with an impermeable core) tends to fail swiftly after initial damage has occurred. Although initial damage occurred later compared to the rock sections, damage progression was much faster so that the cube armour failed before the rock sections (S1 and S2). The only exceptions were the tests with wave obliquity of 70°. In this case the cube armour showed initial damage only after the last test with the highest wave height (no failure). This effect of progressive damage is even more pronounced for single layer cube armour, see Fig.6 and Van Gent (2003) . Fig.8 shows a summary of the obtained stability trends for rock slopes (equal for structures with an impermeable core and a permeable core), cubes in a double armour layer with an impermeable and permeable core, and cubes in a single layer with a permeable core.
Summary of results
Practical aspects
Using the wave obliquity coefficients from the previous paragraphs the potential savings in mass and stone diameter can be calculated based on the following relationships: 
The potential savings in stone diameter and mass are given in Table 8 and 9 for varying angles of wave obliquity. Table 8 and 9 show that potential savings in mass of up to 90% can be realized for a wave obliquity of 60° (which corresponds to a 50% reduction in stone diameter). The test results indicate that even a further decrease in mass is possible for wave obliquities up to 70° (up to 75% reduction in stone diameter). This needs however careful consideration in practice, since small variations in wave direction or wave climate can otherwise lead to sudden failure of the structure. Wave attack angle Increased stability factor f Formula, X=2.5 (perm., cubes, single layer) Formula, X=1.5 (perm, cubes, double layer) Formula, X=1.05 (perm./imperm., rock) Formula, X=0.95 (imperm., cubes, double layer) It should also be mentioned that safety considerations are not included in Tables 8 and 9 . Furthermore, no test results are available for even larger angles such as 90 . Since other phenomena may play a role for waves that approach structures under an angle of 90 , it is unknown whether such waves would lead to a further reduction or to an increase in damage compared to the effects of oblique waves studied here.
Rock
CONCLUSIONS
The objective of this research study was to assess the effects of oblique wave attack on the armour stability of a typical rubble mound breakwater. The study focussed on armour layers of rock and cubes on an impermeable or permeable core. This includes cubes in a single layer and cubes in a double layer. The research extends earlier research performed by Galland (1994) and Van Gent (2003) .
The performed tests show that the few available formulae that include wave obliquity underestimate the effects of oblique wave attack; the observed damage to breakwaters with armour layers of rock and cubes is lower and therefore new stability increase factors and mass reduction factors have been developed. The results show that large potential savings in diameter and mass can be realised for large angles of wave obliquity. The tests were performed for wave directions between perpendicular (0 ) and 70 and for a 1:1.5 slope.
It is recommended to analyse whether the observed stability increase factors are also valid for more gentle slopes (e.g. 1:2 or 1:4) and whether waves that approach structures under an even larger angle such as 90 , lead to a further reduction or to an increase in damage compared to the effects of oblique waves studied here.
